refined the suction electrode technique and demonstrated the value of MAP recording in exploring human cardiac electrophysiology, mainly of the right atrium. Injury was still deemed necessary and to do this 'cautiously' in the human heart by suction technique required the use of three-way stop cocks, bubble filters to prevent air emboli and other precautions [13] . Because this technique was cumbersome and raised patient safety concerns, the suction electrode technique never gained wide acceptance in the clinical electrophysiological laboratory (nor FDA approval).
The 'contact' electrode method
The first nontraumatic method for recording MAPs was published in 1935 by Jochim et al. [14] . These authors demonstrated that MAPs can be obtained by simply pressing an electrode against the epicardium of the toad ventricle while another electrode merely touched the to the current principle of recording MAPs by contact described in previous publications by Franz [4, 27] .
electrode.
The 'contact electrode technique' for clinical use was developed between 1980 and 1983 by Franz et al. [15, 16] . With the contact electrode technique, MAP recordings can most widely used MAP catheter, which also incorporates be obtained from the human endocardium or epicardium pacing electrodes. The ability to record MAPs by the without suction but rather by pressing a nonpolarizable nontraumatic contact electrode technique refuted the previelectrode gently against the endocardium or epicardium.
ous contention that myocardial injury (or suction) is a Catheters and probes for endocardial and epicardial MAP prerequisite for MAP recording. Besides being more recording were developed for clinical studies and for simple and clinically safe, the contact electrode method experimental studies [17] [18] [19] . Fig. 2 shows the clinically provides MAP recordings that, due to lack of myocardial injury, are stable over time. This allows the clinical electrophysiologist to monitor MAPs over periods of several hours from the same endocardial site to assess, for instance, the effects of antiarrhythmic drugs or cycle length changes on local myocardial repolarization [16, 20] .
Genesis of the MAP: old and new theories
The MAP is measured with an extracellular electrode that has a diameter of 1 to 2 mm and therefore cannot enter a single cardiac cell. This has given rise to much debate about the genesis of the MAP. The early literature on MAP measurements focussed on the central issue of whether the is present and therefore the electrode in contact with Downloaded from https://academic.oup.com/cardiovascres/article-abstract/41/1/25/316541 by guest on 07 January 2019 injured muscle must be the different electrode [21, 22] . and myocardium increases the MAP amplitude [16] . Others countered that injured cells are electrically inactive Furthermore, MAPs of greater amplitude are recorded and therefore the electromotive force producing the MAP from ventricular myocardium than atrial myocardium or must originate from the uninjured cells [23] [24] [25] . As will be from larger hearts (e.g. canine and human hearts) as explained later, the truth appears to lie in the middle. compared to small hearts (e.g. rabbits), suggesting that wall thickness beneath the MAP tip electrode plays a role in determining the MAP amplitude [27] . This suggests thaẗ 2.4. The 'Schutz-hypothesis' on injury potentials the MAP amplitude is related to the volume of cells that contribute to the MAP genesis and that the MAP signal Based on experiments in frog hearts, Schutz in 1934-results from a current source, with individual electromotive 1936 [8, 9] promoted the theory that the MAP is the voltage generators more or less in series. drop that is recorded between the different electrode (in contact with injured myocardium) and the indifferent electrode (in contact with uninjured myocardium). He 2.6. MAP genesis by the contact electrode method assumed leak current flow between the injured cells and the uninjured myocardium and explained the MAP by the Fig. 3 schematically depicts the hypothesis by which following simple equation:
the contact electrode method produces and records MAPs. Pressure exerted focally against the myocardium depolar-
izes the group of cells subjacent to the electrode to a level inj m e i i
that is estimated at 230 to 220 mV with respect to the diastolic extracellular reference potential. Because sodium where E is the MAP voltage, E is the transmembrane inj m channels remain inactivated at these voltage levels, these voltage, R is the extracellular resistance and R is the e i cells are unexcitable and thus unable to participate in the intercellular resistance. This hypothesis assumes that the periodic depolarizations and repolarizations that occur in MAP is the result of a voltage source, with all electromothe adjacent (normal) myocardium. The group of cells tive generators in parallel. An increase in extracellular depolarized by the contact electrode provide a 'frozen' resistance (for instance, by drying the heart's surface) potential, which contrasts with the time-varying potential would result in a greater MAP amplitude (which in fact in the unaffected adjacent cells. Assuming preserved occurred), and a decrease in extracellular resistance, by electrical coupling, this causes a time-varying electrical wetting the heart's surface with electrolyte solution, would gradient between the depolarized (inexcitable) cells subjadecrease the MAP amplitude (which also is true for injury cent to the electrode and the adjacent (excitable) cells. This potentials in this setting). This hypothesis also assumes electrical gradient produces current flow across the boundthat short-circuiting between the injured cells and the ary between these two states. During electrical diastole, extracellular space is minimized by using a tight electrical this gradient results in a source current emerging from the seal between the MAP recording electrode and the surnormal cells and a sink current descending into the rounding tissue. The suction electrode method was prodepolarized cells subjacent to the MAP electrode. The sink moted to some extent because it was believed to provide current produces a negative electrical field that is proporsuch a seal. This theory has some semblance to the tional to the strength of current flow, which depends on the sucrose-gap technique that is used to record the TAP in potential gradient and the number of cells that contribute to vitro without transmembrane impalement [26] .
the interface between the subjacent depolarized and the adjacent nondepolarized cells. During electrical systole, the 2.5. The 'volume conductor' hypothesis normal cells adjacent to the MAP electrode undergo complete depolarization, which overshoots the zero poBased on the following observations, Franz [27] contential by some 30 mV, whereas the already depolarized cluded that the Schutz hypothesis does not apply to the and therefore refractory cells subjacent to the MAP contact electrode method but that the contact electrode electrode cannot further depolarize and maintain their MAP results from a current source and is governed by potential at the former reference level. As a result, the volume conductor theory. (1) The contact electrode obtains former current sink reverses to a current source, producing MAPs from the endocardium while surrounded by the an electrical field of opposite polarity. According to this blood pool in the ventricular or atrial cavity and has no hypothesis, the MAP recording reflects the voltage time surrounding seal, suggesting that the extracellular resistcourse of the normal cells that bound the surface of the ance has no influence on the amplitude of the MAP. This volume of cells depolarized by the contact pressure. Thus, was confirmed by experimental studies in small animal both the depolarized ('electrically frozen') cells and the hearts [27] . (2) The number of cells (single electromotive active cells of the neighboring myocardium contribute to generators) contributing to the MAP seems important the genesis of the boundary current that produces the MAP because greater contact pressure between the tip electrode field potential; one cannot exist without the other. 3. Different versus indifferent electrode: which is became obvious that extracellular monophasic action powhich and which one records the MAP? tentials can only be obtained by using a unipolar recording method. To better understand the conditions giving rise to Based on the above model and experimental observamonophasic action potentials, the following factors need to tions, it has become evident that the MAP originates from be emphasized: If both electrodes are placed on intact cells in the immediate vicinity of the electrode that causes myocardium, a bipolar signal is obtained. If both elecpersistent depolarization. It is also evident that, to obtain trodes are placed on injured or otherwise depolarized an upright MAP signal, the MAP-exploring electrode must muscle, the monophasic portion of the signal will be be connected to the positive input of the amplifier and the canceled out. If one electrode is in contact with depolarreference electrode to the negative input. The following ized muscle and the other with active tissue, a monophasic data help to elucidate further the relationship between the signal is recorded. By coupling the active MAP-exploring active (different) and inactive (indifferent) electrode.
electrode with a remote electrode, such as a 'Wilson central terminal', a monophasic potential is still obtained 3.1. Unipolar MAP recordings but will also contain far-field potentials. The extent to which these far-field potentials contribute to the local MAP The name 'monophasic action potentials' (MAPs) was signal is often unpredictable. If an area of myocardial introduced at the time of its first discovery in 1882 [7] . depolarization caused by ischemia or other causes exists Before, only biphasic or multiphasic electrograms had remote from the MAP recording site, the field potential been recorded from the surface of the heart. Later, it created across its boundaries may contaminate the local MAP signal to a greater or lesser extent, depending on the particular geometry of the current sources with respect to the position of the two MAP electrodes. This problem is reminiscent of difficulties encountered in interpreting precordial ST segment elevations or depressions when more than one ventricular wall segment is injured by ischemia [28] . Reciprocal changes, cancellations and expansions all may occur, making the precise localization of the primary injury difficult.
'Close-bipolar' MAP recordings
The problem of MAP contamination by far-field potentials was recognized by Olsson [13] , who advocated a 'close-bipolar' MAP recording approach. The electrical field potential that is caused by applying suction or contact pressure to the myocardium and that creates the MAP seems to be confined to a finite region that does not extend much beyond the area of depolarization. An electrode placed 5 mm proximal to the depolarizing tip electrode usually is far enough away from the MAP-generating current and therefore can be used as a reference electrode that is indifferent to the monophasic field. This closebipolar electrode arrangement provides a very small solid angle towards more remote electrical forces and, by using differential amplification, greatly reduces far-field potentials. It is this close-bipolar technique that makes the MAP recording truly local, as the following two examples illustrate:
1. boundary currents between the depolarized cells and adjacent normal cells (see above). The spatial resolution cannot be less than the tip electrode diameter (typically 1 to 2 mm). Another determinant is the distance and the solid angle between the tip electrode and the reference electrode with respect to the MAP voltage field source. With our method, the interelectrode distance is commonly 5 mm. When the tip electrode is kept in an ideal position perpendicular to the myocardial surface, the solid angle with respect to areas lateral to the tip electrode is very small, resulting in effective cancellation of remote electromotive sources if differential amplification is used. Franz et al. [2] impaled myocardial cells with microelectrodes in the immediate vicinity of the contact site of the MAP electrode and measured normal transmembrane resting and action potentials as close as 0.1 mm to the MAP tip electrode circumference, suggesting that the area of depolarized tissue which constitutes the MAP boundary tially greater amplitudes than recordings from thin-walled tissue (right atrium, small animals) suggests that tissue at Even with the close-bipolar MAP recording technique, some considerable depth beneath the exploring electrode which ascertains that the MAP recording reflects local contributes to the genesis of the MAP signal [27] . electrical activity at the recording site, the actual spatial resolution of the MAP has not been determined with accuracy. Levine et al. [29] addressed this issue by 4. How accurate are MAP recordings compared to analyzing the 'foot' of MAP signals recorded from slices transmembrane action potentials? of canine myocardium and found that approaching electrical activity may be seen from areas as far as 10 mm from
The accuracy with which MAP recordings reflect the the MAP tip electrode. However, these recordings were local cellular depolarization and repolarization was exdone from a tissue preparation that was not perfused but amined in several studies that compared the MAP with the only superfused, and only a unipolar recording technique simultaneously recorded transmembrane action potential was applied. Therefore, the foot of the MAP likely (TAP) [1] [2] [3] . These studies have pointed out a number of included far-field electrical activity.
similarities and dissimilarities between the MAP and TAP. One obvious determinant for the field of view is the size In general, high-quality MAP recordings should satisfy the of the MAP tip electrode that produces and explores the criteria listed in Table 1 . 
Upstroke and phase 1 morphology
Using high band-width amplification, the upstroke of the MAP contains a rapid deflection, appearing as a biphasic notch within the MAP upstroke or a spike overshooting or undershooting it [2, 16] . This notch is the remnant of the 'intrinsic deflection' seen in the myocardial surface electrogram prior to applying contact pressure and the development of the MAP. This intrinsic deflection may appear as a positive spike immediately preceding the MAP plateau phase, mimicking an 'overshoot potential' or 'phase 1 repolarization'. This, however, should not be taken as evidence that the MAP reflects recordings from specialized conductive tissue or represents predominant K channel Ito activity of epicardial myocardium, as suggested by some investigators [33] . As Fig. 4 shows, during excitations plateau phase, and not to the peak of the upstroke. It also ing of the catheter tip electrode permits precise tracking of underscores why the rise velocity of the MAP upstroke the wall motion, the rhythmic dilatation and contraction of cannot be equated with that of the transmembrane action the ventricle will alternatingly lessen and increase the potential.
contact pressure. This may result in transient amplitude changes of the MAP signal. These transient potential 4.5. Afterdepolarizations changes take a positive or negative direction depending on the time of pressure change with respect to the phase of the Basic electrophysiologic studies have provided strong MAP signal. Diastolic dilatation of the ventricle may cause evidence that afterdepolarizations play a significant role in a decrease in contact pressure, resulting in a decrease in the genesis of triggered arrhythmias, such as torsade de diastolic MAP amplitude. Because the diastolic phase of pointes. These afterdepolarizations, which can be distinthe MAP is negative with respect to zero potential, a guished between early (EADs) and delayed (DADs) afterdecrease in diastolic MAP amplitude may be misinterdepolarizations, cannot be detected by conventional inpreted as 'spontaneous diastolic depolarization' or 'DADs'. tracardiac recordings. MAP recordings have been used to Conversely, systolic contraction of the ventricle may detect EADs or DADs during experimental [34] [35] [36] [37] [38] [39] and increase the contact pressure between the catheter tip and clinical [40] [41] [42] [43] [44] electrophysiologic studies and relate them the endocardium, resulting in a transient increase in MAP to triggered arrhythmias. However, it is extremely imamplitude. Because the systolic phase of the MAP is portant to apply stringent quality criteria to the MAP positive with respect to zero potential, an increase in recording before interpreting abnormalities in the final systolic MAP amplitude may cause an elevation of the repolarization time course as EADs or DADs. 'Humps' later part of the MAP or produce false 'EADs'. An and 'wobbles' in the MAP recording simply may be the example of a MAP tracing presumably distorted by the result of unstable electrode contact (see Section 5). The above-described contact pressure changes is shown in Fig.  following criteria may be helpful in distinguishing true 7. Compared to the correct waveform (broken line), the EADs or DADs from movement artifacts: (1) Experimen-MAP shows a rapidly upward-sloping potential during tal conditions usually allow the investigator to obtain diastole. This is most likely due to loss of endocardial baseline recordings before beginning interventions. These electrode contact during diastolic relaxation (outward baseline recordings should be stable with a smooth phase motion) of the ventricular wall. These movement artifacts three and a horizontal phase four without appreciable can be minimized by using highly elastic catheters and deviations. (2) EADs, when they occur in response to careful positioning, which allows the distal catheter shaft interventions such as application of catecholamines or to flex back and forth during the ventricular contraction action potential duration (APD)-prolonging drugs, or shortand relaxation process, thereby maintaining steady contact long pacing sequences, should be critically evaluated to pressure. determine if they bear sufficient morphological resemblance, and behavior compliant with, data known from 5.
Mechanoelectrical feedback transmembrane recordings. (3) Washout of the inducing agent or cessation of the interventional pacing protocol
The issue of motion artifacts is further complicated by should result in the disappearance of EADs and return to the fact that nonuniform ventricular contraction and relaxabaseline MAP tracings. Even then, no absolute proof of the tion can produce true electrophysiologic changes. A yet validity of the EADs or DADs is obtained. There will little understood phenomenon, known as contraction-excialways be a degree of uncertainty, which diminishes proportionally with the experience of the investigator and his / her ability to suppress bias. This author believes, after careful inspection of the experimental protocols and figures , that the work presented in references [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] is convincing and supports the usefulness of MAP recordings for the purpose of identifying EADs or DADs under the given experimental conditions.
Movement artifacts
One of the most important limitations of MAP recordings is that they may be distorted by motion artifacts caused by the beating heart. The MAP amplitude is (within tation coupling [45] or mechanoelectrical feedback [46] , repolarization levels [58, 59] . However, due to the comcan lead to changes in action potential duration [47] [48] [49] , plexity of the MAP signal, interactive programs and 'afterdepolarizations' [50] [51] [52] and even arrhythmias [53] validation by manual observers are recommended [58] . (Fig. 8) . The mechanism underlying these electrophysiologic effects is believed to be myocardial stretch [54] . Nonuniformity of ventricular contraction and relaxation [55] creates conditions where some wall segments 7. Simultaneous measurement of MAP duration and undergo excessive lengthening during diastole or even late refractory period at the same site systole, causing regional heterogeneity of load-induced electrophysiologic changes. Some investigators have disConventional electrode catheters used in eleccarded afterdepolarizations in MAP recordings categoricaltrophysiologic studies allow determination of the effective ly as movement artifacts because they did not observe the refractory period (ERP) at a given endocardial site but same afterdepolarizations in intracellular microelectrode cannot elucidate the relationship between the action porecordings [56] . However, to ensure stable microelectrode tential duration and the ERP. The currently used version of impalements, intracellular recordings are usually obtained the contact electrode catheter provides both pacing and from excised, mechanically relatively quiescent, prepara-MAP recording capabilities with a single catheter, thereby tions that do not experience physiologic load or length allowing easy and accurate measurements of both the ERP changes. Thus, validation of the MAP by comparing it and APD simultaneously and at the same site in the human against the 'gold standard' of the transmembrane action heart [60] . Unlike conventional quadrupolar electrode potential must fail in this respect. This makes the reliable catheters, the pacing electrodes in this MAP recordingdistinction between 'true' and 'false' motion-induced MAP pacing combination catheter are oriented orthogonally changes one of the greatest challenges of the MAP method.
halfway between the distal (exploring) and proximal
Measurement and analysis of MAP recordings

Determining the MAP duration
Because the asymptotic end of repolarization makes precise measurement of total MAP duration difficult, the MAP duration is usually determined at a repolarization level of 90% (or another fraction) with respect to the MAP amplitude. The MAP amplitude is being defined as the distance from the baseline to the crest of the MAP plateau, not its upstroke peak (Fig. 9) [16]. Others have suggested using the intersection between the diastolic baseline and a tangent placed on phase three repolarization [57] , although this may produce more arbitrary results, depending on the (reference) MAP electrode (Fig. 2) . This electrode configucanine [19, 60] and human [61] heart has been shown to be ration provides for extremely low capture thresholds constant and independent of heart rate. Antiarrhythmic (0.02-0.25 mA, mean 0.09 mA), reducing the interference drugs with sodium channel-blocking properties often between the pacing artifact and the MAP signal to a produce greater increases in refractoriness than in action minimum [60] . Pacing artifacts are negligibly small and potential duration; this drug-induced post-repolarization sometimes hardly discernible despite the fact that the refractoriness progresses with increases in stimulation pacing electrodes are very close to the MAP recording frequency [62] [63] [64] . Simultaneous determinations of MAP electrodes (Fig. 10) .
durations and ERP therefore are useful in verifying the Several factors likely account for the unusually low electrophysiologic profile of antiarrhythmic drugs precapture threshold and minimal stimulus artifacts. First, the dicted from in vitro studies for the human heart and may pacing electrodes used in this catheter have a smaller aid in our understanding of the antiarrhythmic mechanisms surface area than conventional ring electrodes and thus of such drug effects. produce higher current densities. Second, the electrical field produced by the pacing current is positioned horizontally above the vertical field that produces the MAP, with subsequently less contamination of the latter. Third, the 8. Are intramural MAP recordings possible? MAP catheter provides and ensures close and stable contact with the endocardium (unstable contact would
The impetus for recording MAPs intramurally came result in no or unstable MAPs). Fourth, and perhaps most from the desire to record disparities of the APD across the important, only the tip (MAP) electrode is in contact with myocardial wall of the intact heart because it has been depolarized myocardium, while the stimulus electrodes shown by microelectrode techniques that such disparity usually do not exert pressure against the endocardium.
exists and that mid-myocardial cells (M-cells) have longer This prevents the pacing site from being depolarized and APDs and are more prone to exhibit EADs at slow rates made relatively more refractory.
than epicardial or endocardial cells [65, 66] . Thus, the Fig. 10 demonstrates how the effective refractory period recording of truly local intramyocardial MAP recordings (ERP) is determined simultaneously with the concomitant would advance the understanding of the mechanism of MAP duration. In normal ventricular myocardium and in many arrhythmias, most notably of the 'torsade de pointes' the absence of sodium channel-blocking drugs, the relavariety. Attempts have been made to obtain MAPs intionship between the MAP duration and the ERP in the tramyocardially by inserting a multipolar plunge electrode into the myocardial wall and coupling it with a reference electrode placed on a remote (epicardial) site of the ventricle [67] . The initial injury potential resulting from inserting the plunge electrodes into the myocardial wall was allowed to subside until a normal electrogram was obtained. The remote electrode site was then depolarized by KCl. This led to a new monophasic recording. This MAP was of reversed polarity when connected to the amplifier in the conventional manner (see above). To make this MAP upright, the exploring (intramural) electrode was coupled to the negative amplifier input and the KCl electrode to the positive amplifier input. As discussed earlier, this suggests that the monophasic portion of the recording derives from the remote (KCl) electrode and not from the intramural plunge electrode. Because of the wide spacing between the intramyocardial electrode and the remote KCl electrode, these 'intramural MAP recordings' by definition represent largely unipolar MAP recordings technique but hybrids of local and far-field potentials. 
Are chronic MAP recordings possible?
and proton ion accumulation at these sites plays a pivotal role [69] [70] [71] . Permanent monitoring of local activation and repolarization characteristics would be very desirable. This, if combined with an implantable telemetry device, could be 9. New avenues for MAP recordings used to monitor the effects of antiarrhythmic drugs on myocardial repolarization at specific intervals, or related to An overview of past and future clinical uses of the MAP the onset of proarrhythmic events. Progression of cartechnique is given in Table 2 . Besides a large number of diomyopathy and heart transplant rejection are other fields clinical applications already published, there are newer that would benefit from continuously available MAP uses for the MAP recording technique currently undergointerrogation. As understanding of the cellular basis of ing experimental evaluation and clinical validation. arrhythmias grows, abnormal changes of MAP signals recorded by permanent electrodes and transmitted by 9.1. MAP recordings as a measure of myocardial telemetry may become predictors and warning signals of viability life-threatening arrhythmic events.
Unfortunately, this does not seem possible with currentMechanical performance of heart muscle decreases very ly available MAP methods. MAPs have a tendency to rapidly following coronary artery occlusion and may decrease their amplitude and change their morphology over remain 'stunned' or 'hibernating' and, despite surviving time. The MAP signal deterioration is much more rapid myocardium being present, may require prolonged periods (minutes) with techniques that create MAPs by frank of time for full recovery. Electrical activity may still be cellular injury, such as suction or stabbing the tissue with a preserved due to a lesser metabolic demand for maintainneedle or plunge electrode. It is gradual (several hours) ing membrane potential than for the upkeep of mechanical with the contact electrode, especially when only moderate work. Measurements of mechanical activity by echocarcontact pressure is applied. The loss in MAP amplitude diographic or angiographic means may not be able to over time is associated with two important features. One is distinguish between stunned or hibernating (yet still viable) that, as the MAP amplitude decreases, the initial spike myocardium and myocardium that is jeopardized beyond becomes more prominent. This spike is the remnant of the salvage. This is a potential important application of the intrinsic deflection (which becomes unmasked as the MAP MAP recording technique. plateau amplitude decreases) and should not be confused It follows from the explanation of the genesis of the with a 'spike-and-dome' configuration of TAPs, as was MAP (see above) that MAPs can be created only when the done by Tande et al. [33] . The second feature that electrode is impinging on viable myocardium. In contrast, accompanies the decrease in the MAP amplitude is that the when the electrode is pushed against nonviable tissue, e.g. loss in total (plateau) amplitude is primarily due to a a myocardial scar, local depolarization cannot occur and decrease in the diastolic voltage of the MAP. The mechathe recording is largely isoelectric [16] . Following cornisms underlying the amplitude decrease of injury poonary artery occlusion, changes in the MAP recording tentials was studied extensively by De Mello [68] , who track the progression of myocardial ischemia by exhibiting concluded that it is promoted by cellular uncoupling amplitude and morphology changes [17, 72] similar to between the injured and normal cells. Several experiments transmembrane action potentials [73] . Within minutes, the led De Mello to believe that this electrical uncoupling MAP shows a decrease in amplitude and duration, espetakes place at the site of gap junctions and that calcium cially of the plateau phase, and a decrease in upstroke velocity. The MAP assumes a triangular shape. As isthe myocardium underneath the RF electrode gets dechemia progresses further, the MAP often exhibits an stroyed during the process of RF application, the local alternans in amplitude and duration. This alternans is very MAP recording mirrors successful destruction by a rapid typical of severe ischemia and has been linked to the loss in MAP amplitude (Fig. 11 ) [4] . The third objective development of ischemic tachyarrhythmias [72, 74, 75] . The (identifying the arrhythmia substrate) may also be accommechanism of this ischemia-induced action potential alterplished in specific cases [4] . nans has been related to inadequate electrical restitution from one depolarization to the next [76] and, consequently, 9.3. MAP recordings for monitoring myocardial drug develops earlier at faster heart rates [77] . Because the absorption close-bipolar MAP recording detects these changes with high sensitivity and local resolution, this technique may Antiarrhythmic drugs are administered to patients via help identify areas of ischemic, yet still viable, myocaroral or i.v. routes, based on empiric dosing regimens. Drug dium.
blood levels, while easily obtained, are not available at the time of electrophysiological study of the patient; besides, 9.2. MAP recordings for monitoring radiofrequency serum drug levels are known to correlate poorly with energy (RF) ablation antiarrhythmic drug efficacy. Furthermore, it is unknown to what extent myocardial drug uptake occurs and whether Successful RF ablation relies on several objectives.
or not it occurs uniformly within the heart tissue. It would These include (1) identification of the arrhythmia subbe advantageous to have a method that provides instantastrate, (2) ascertainment of stable contact between the neous feedback on local myocardial drug effect. Because ablation electrode and the target myocardium and (3) many antiarrhythmic agents have distinct effects on successful ablation of the target. Incorporating a MAP myocardial repolarization (especially class 3 agents), MAP electrode into a RF ablation electrode [4] may serve at recordings are ideally suited to measure this effect in situ least two of these three objectives. [1] Because MAPs are directly at the myocardial surface [78] . Unlike the body obtained only when the catheter tip electrode is in close surface ECG, which reflects global electrical activity of the and stable contact with viable myocardium, a stable MAP heart, MAP recordings can detect repolarization changes at recording identifies steady contact between the ablation individual areas and thereby determine whether drug catheter tip electrode and the endocardial surface [2] . As uptake is uniform or heterogeneous. This has recently been demonstrated for amiodarone and its primary metabolite recordings have demonstrated the effects of electrical desethylamiodarone, both of which exhibited heterogeremodeling caused by sustained AF or atrial flutter in neous myocardial uptake. This heterogeneous uptake was patients [87] . identified reliably by an equally heterogeneous change in A limitation of MAP recordings during AF or VF is that MAP duration [79] .
the MAP electrode records the responses of a multitude of cells at the same time, giving rise to summation potentials 9.4. MAP recordings during atrial and ventricular that may differ from single cell recordings under confibrillation ditions of extreme local dispersion of activation and repolarization. For instance, the 'fractionated' MAP seAtrial (AF) and ventricular (VF) fibrillation are charquence seen in Fig. 12 might very well be the result of acterized by highly irregular patterns of activation and multicellular summation. During AF (or VF), multiple repolarization. A good agreement between TAP and MAP wavelets are present simultaneously and one recording site recordings during VF has been shown in the isolated rabbit may be influenced by two or three different wavelets heart [80] . MAP recordings have an advantage over travelling in the neighborhood of the MAP electrode. electrogram recordings in that they allow distinction of activation and repolarization and can visualize the excit-9.5. MAP recordings as a means of elucidating the able gap even during VF or AF (Fig. 12) . This has aided mechanism of torsade de pointes arrhythmias attempts to capture atrial myocardium during AF by overdrive pacing [81] .
Torsade de pointes arrhythmias occur in a variety of MAP recordings are useful for monitoring and underacquired and familial long QT syndromes. The exact standing the induction and termination of VF during electrophysiologic mechanism of torsades de pointes (TdP) defibrillator testing. MAP recordings during induction of is under intense investigation. No isolated animal heart VF by T wave shocks have suggested that successful model of this particular arrhythmia exists. A recently initiation of fibrillation depends on sufficient dispersion of developed model uses multiple simultaneous epicardial and ventricular repolarization immediately following the T endocardial MAPs and a volume-conducted 12-lead ECG wave shock. In concordance with this dispersion mechain the isolated rabbit heart [39] . Sotalol prolonged repolarinism, it has been shown that successful defibrillation zation and increased dispersion of ventricular repolarizadepends on sufficient shock-induced resynchronization of tion compared to baseline recordings. With the onset of repolarization [82] [83] [84] [85] .
low potassium and magnesium concentrations, repolarizaAcute MAP recordings are also useful for the distinction tion was further prolonged and dispersion of repolarization of different types of AF and to better differentiate some was further increased followed by the occurrence of early forms of atrial flutter from AF. MAP recordings have afterdepolarizations (EADs) in the majority of MAP provided clues to the mechanism of terminating atrial recordings, i.e., at both endocardial and epicardial locaflutter by antiarrhythmic drugs [86] . Recently, MAP tions of both ventricles. Torsade de pointes observed in 
